Improved method for measuring photoacid generator kinetics in polymer thin films using normalized interdigitated electrode capacitance data J. Vac. Sci. Technol. B 22, 1163 (2004 Additional information on J. The effects of electric field intensity on the crystallization of amorphous silicon ͑a-Si͒ using the field-aided lateral crystallization ͑FALC͒ process have been studied in the range of 0-180 V/cm. The crystallization velocity increases as the electric field intensity increases. Moreover, the better quality of polycrystalline silicon resulted in the films that crystallized faster. The activation energy of the metal-induced lateral crystallization process calculated from the Arrhenius plot is 1.79 eV ͑Ϯ0.03 eV͒, whereas that of the FALC process is 1.65 eV ͑Ϯ0.04 eV͒ regardless of the electric field intensities. It is also shown that the electric field affects both the enhancement of the preexponential factor in the Arrhenius equation and the decrease in the energy barrier height for the crystallization. In particular, the effect is almost the same in the temperature range of 400-500°C. The increase in the crystallization velocity is attributed to the field-enhanced diffusion of copper ions in the Cu 3 Si crystallization mediator and the amorphous Si.
Particularly in LCDs, the peripheral drive circuits and the pixel elements using poly-Si TFTs can be integrated on the same substrate, reducing the number of external drivers and connections. These reductions would lead to a large improvement in reliability and a decrease in potential cost. In addition, the poly-Si TFTs has superior field-effect mobility, when compared to amorphous silicon ͑a-Si͒ TFTs. 3 Therefore, various low temperature crystallization techniques such as excimer laser annealing ͑ELA͒, 4 metal induced lateral crystallization ͑MILC͒, 5 and field aided lateral crystallization ͑FALC͒ 6 have been focused on. Despite the superiority that each technique claims, the further improvements have to be accomplished. In the ELA process, the uniformity in crystallization over the large area panel hampers the extensive usage. For the case of the MILC in which the size of the panel is not a serious concern, the electrical properties of TFTs can deteriorate because of the residual metal impurities in the channel region of TFT.
In the FALC process, an electric field is applied during thermal annealing to a-Si thin films on which the metal catalyst is selectively deposited. 7 The process has some advantages over the MILC process. First, the crystallization time can be shortened due to the electric field assisted enhanced diffusivity of the crystallization mediator. Second, the applied field would force the directional crystal growth, which is advantageous for the electrical properties of transistors. However, the detailed explanation of the effects of the electric field intensity on the crystallization has not been reported. Therefore, in this work, we tried to investigate the effects of the field intensity on the FALC process. We selected Cu as a crystallization catalyst rather than the typical catalyst of the Ni catalyst in order to accelerate the crystallization and to examine the crystallization behavior more clearly because Cu has a higher diffusivity than Ni in Si.
II. EXPERIMENT
An amorphous silicon ͑a-Si͒ film ͑80 nm͒ was deposited by plasma enhanced chemical vapor deposition at 280°C using disilane gas ͑Si 2 H 6 ͒ on a 300 nm-thick SiO 2 coated Corning 1737 substrate, and then dehydrogenated at 450°C for 1 h. In order to remove the organic impurities on the substrate, cleaning was performed with a mixed solution of NH 4 OH+ H 2 O 2 +H 2 O, which was followed by the surface oxide etching by 10% HF solution. The patterns to be crystallized and analyzed were defined on the amorphous silicon film by a photolithography process using photoresist ͑PR͒ as a mask. On the patterned surface, a thin layer of Cu crystallization catalyst ͑2 nm͒ was deposited by sputtering. The sputtering was carried out at room temperature using Ar gas and the base pressure and the working pressure were 3 ϫ 10 −6 and 3 ϫ 10 −3 torr, respectively. The Cu catalyst inside the patterns was removed by the PR lift-off technique and, as a result, only the Cu outside the patterns remained. The electric field was applied to the specimens during crystallization after the electrodes were formed using silver paste at the two opposite sides of the substrate. A schematic diagram of the experimental setup for the FALC process is shown in Fig. 1 . The annealing was carried out in nitrogen ambient at the temperature range of 375-500°C with various electric fields a͒ Electronic mail: duck@hanyang.ac.kr from 0 to 180 V/cm. The ramp-up rate to the annealing temperature was set to 5°C/min and annealing time was selected by preliminary experiments to reveal an obvious crystallization.
The crystallization behavior and the lateral crystallization velocity in every pattern after thermal annealing were inspected by an optical microscope. In order to derive highly reliable data of the crystallization velocity all experiments were conducted at least three times. Arrhenius plots were obtained from the average value of the data and the maximum error range of each data point in the Arrhenius plots is designated by the symbol size for simplicity. The degree of crystallization in the poly-Si area was estimated from the area integration of the relevant peaks in micro-Raman spectroscopy. A 515 nm wavelength laser was used and its diameter was in the range from 5 and 10 m. The distribution of Cu in the crystallized region was analyzed by the secondary ion mass spectroscopy ͑SIMS͒. The primary ion beam was O 2 + with an accelerating voltage of 8 keV. Figure 2 shows the optical microscopic images of the specimens after partial crystallization at 500°C. Figure 2͑a͒ is an image of the MILC process ͑0 V/cm͒ as a reference. The conformal crystallization took place at the seeding area outside the pattern to the inside. On the other hand, when the electric fields were introduced ͓Figs. 2͑b͒-2͑d͔͒, the directional crystallization was observed only at the lower potential side ͑minus electrode side͒ with higher velocity than the case of the MILC process. In addition, the velocity increased as the electric field intensity increased from 5 to 180 V/cm. These observations reveal that the electric field has a crucial effect on the enhancement of the crystallization.
III. RESULTS
In order to understand the electric field effects in detail, the crystallization velocities at various temperatures are plotted as a function of the electric field intensity ͑Fig. 3͒. At each crystallization temperature, 400, 450, and 500°C, the rate of increase in the crystallization velocity is different and the electric field affects the crystallization velocity more strongly at higher crystallization temperatures.
It is reported by many researchers that the crystallization velocity of a-Si can be explained by the well-known Arrhenius equation which is written as 
͑1͒
In this equation, is the crystallization velocity, A is referred to as Arrhenius preexponential factor ͑or the frequency factor͒, E a is the energy of activation, k is Boltzman's constant, and T is the temperature in Kelvin. 8, 9 The previous results imply that the introduction of the electric field into the crystallization process of a-Si changes the A and/or the E a value in Eq. ͑1͒. More clear insights to the relationship between the crystallization velocity and the electric field could be obtained through the Arrhenius plot. In Fig. 4 , Arrhenius plots in the temperature ranges of 375-500°C with various electric field intensities ͓0 V/cm ͑MILC͒, 5, 30, and 180 V/cm͔ are represented. The activation energy of the MILC process calculated from Fig. 4 is 1 .79 eV ͑Ϯ0.03 eV͒, whereas those of the FALC processes are 1.65 eV ͑Ϯ0.04 eV͒ regardless of the electric field intensities. It could be concluded from these results that the electric field enhances the crystallization velocity of amorphous silicon during the FALC process and has an effect both on the increase in the pre-exponential factor in the Arrhenius equation and on the decrease in the energy barrier height to the crystallization.
Although the FALC process with the high field intensity reveals an advantage in the enhancement of the crystallization velocity in the same heat-treatment condition, the major concern might be the crystal quality because it is not unusual to achieve poor crystallinity with fast crystallization. The effect of the field intensity on the degree of crystallization was investigated by a Raman spectroscopy study. Raman spectroscopy provides information about the volume fraction of crystallites by deconvoluting the spectra into the component of crystalline Si ͑c-Si͒ whose peak is centered at 521 cm −1 and that of a-Si ranged in the 480-500 cm −1 range. Figure 5 shows the Raman spectra obtained from the crystallized area of the specimens processed by the FALC process with various field intensities at 500°C for one hour. All the samples exhibit the characteristic peak at 521 cm −1 , indicating that the films are crystallized. However, from the fact that the peak at 521 cm −1 is asymmetric and has a shoulder on the left-hand side of the peak, the peaks are considered to be not solely from the crystal phase but partly from the amorphous phase. Therefore, the crystallized areas are in fact the mixture of crystal and amorphous phases. The crystallite fraction can be expressed using the Raman intensities from the two phases I c and I a , where subscripts c and a stand for the crystalline and the amorphous state, respectively,
Here ␥ is the ratio of the back scattering cross section and is set to be 0.8 here. 10, 11 As the electric field intensity increased to 5, 30, and 180 V/cm, the degree of the crystallization increased to 43%, 76%, and 84%, respectively. The increment in the degree of crystallization decreased with the electric field intensity. This result means a better quality of polycrystalline silicon in the faster crystallized film, which seems to be attributed to the directional crystallization behavior of the FALC process. Unlike the other common crystallization processes which have no spatial preference for the nucleation of crystalline phase, the crystallization of the FALC process initiates at the negative electrode side and is propagated toward the positive electrode side. Hence, compared with the crystallized area near the positive electrode, the precedent crystallized area near the negative electrode sustained extra crystallization time with the crystallization mediator ͑Cu͒. Therefore, the cumulative crystallization time with the crystallization mediator can be longer in the sample with faster crystallization velocity. 
IV. DISCUSSION
Understanding the electric field effects on the crystallization of a-Si can be deduced from the mechanism of the Cuinduced crystallization of a-Si. Unfortunately, the mechanism of the crystallization is not clearly explained to date. Russell et al. reported the crystallization of a-Si using a thin metal catalyst of copper. 12 They found the growth of Cu-free crystalline silicon ͑c-Si͒ within the Cu-rich matrix and suggested that the growth of c-Si is governed by Si diffusion in the Cu 3 Si matrix. On the other hand, some researchers proposed that Cu is the dominant diffusing species in Cu 3 Si growth. 13, 14 Such interpretations could be illuminated by consideration of the formation mechanism of Cu 3 Si phase in a Cu-Si system. Ronay and Schad reported that the formation of metal-rich silicides such as Cu 3 Si, Pd 2 Si, and Fe 3 Si forces silicon atoms out of their original positions. 15 Therefore, it seems that if the Cu 3 Si forms adjacent to the a-Si, the silicon atoms forced out by copper atoms are free to form a lower free energy phase, c-Si. On the basis of this explanation, the microscopic crystallization flow could be simplified into three stages. The first stage is the formation of copper silicide by means of the reaction between Cu and a-Si. The second stage is the formation of c-Si in the Cu 3 Si matrix. The final stage is the diffusion of the Cu 3 Si phase by the atomic migration of Cu ions through the Cu 3 Si crystallization mediator. Since the formation of the silicide phase is usually a thermally activated process and the electric field is not likely affecting the migration of silicon, the effect of the electric field on the crystallization seems to be mostly associated with the final stage, namely, an electric field-enhanced migration of the Cu or Cu 3 Si crystallization mediator. 16 Given the above proposition, it is expected that the copper concentration shows the maximum value at the leading edge of crystallization. The 120 µm long specimen which is partially crystallized by the FALC process ͑500°C, 3 h and 30 V/cm͒ was analyzed by the SIMS line-scan method with a beam size of 0.2 µm across the FALC front and Fig. 6 presents the result. As one can observe, the leading edge of the crystallization ͑the FALC front͒ shows the maximum value of the secondary Cu ion counts. In addition, the copper was detected even at 50 µm away from the FALC front to the inside of the pattern ͑a-Si͒. The diffusion coefficient ͑D͒ of Cu extrapolated from the report of Coffa et al. is approximately 5 ϫ 10 −10 cm 2 / s at 500°C. For the crystallization time ͑t͒ of 3 h, the diffusion length ͑Dt͒ 1/2 would be 20 µm.
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It is believed that the electric field enhances the diffusion of Cu into the a-Si region. Presumably, the electric field drives Cu ions out toward the a-Si region which was initially Cu free and the probability of the formation of Cu 3 Si in this Cu-rich region increases, which in turn enhances the crystallization of a-Si. As stated above, the direction of the crystallization in the FALC process is from the lower-potential side to the higher-potential side. Therefore, the effective charge of the copper ion must be negative and the migration of copper ions is likely due to the field-enhanced diffusion or the electromigration.
The E a values of 1.79 and 1.65 eV for the MILC and the FALC rate, respectively, are larger than those obtained from the diffusion constant of Cu in either c-Si ͑0.43 eV͒ or a-Si ͑1.25-1.39 eV͒. 18, 19 Moreover, the values are higher than that of the Cu 3 Si formation ͑0.98 eV͒. 20 It, therefore, suggests that the crystallization proceeds from an interfacial process mediated by Cu or Cu 3 Si diffusion. 21 In addition, the identical E a values for the FALC rate with various electric field intensities imply that the exponential term of Eq. ͑1͒ has the same value at a certain temperature and only the preexponential term factor is a function of the electric field intensity. Within the temperature range of 400-500°C therefore, Eq. ͑1͒ can be rewritten as = A 0 f͑E͒exp͑− E a /kT͒, ͑3͒
where A 0 is a rate constant that is independent on both temperature and the electric field, and f(E) is only a function of the electric field.
V. SUMMARY
The effects of electric field intensity on the crystallization of a-Si using the FALC process has been studied in the field intensity range of 0-180 V/cm. The crystallization velocity turned out to increase with the electric field intensity. The relative intensity of the Raman spectra and the degree of crystallization also increased with electric field intensity. This result means that better quality of poly-crystalline silicon in the faster crystallized film is obtained. The activation energy calculated from the Arrhenius plot is 1.79 for the MILC process. Interestingly, that of the FALC process is 1.65 eV regardless of the electric field intensities. Therefore, it could be concluded that the electric field in the FALC process increases only the preexponential factor in the Arrhenius equation, and the effect is almost the same within the temperature range of 400-500°C. Moreover, the increase in the crystallization velocity is attributed to the enhanced migration of Cu with the aid of an electric field. 
